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Abstract: We report on a diode-pumped cryogenically cooled bulk Yb:CaF2 12-pass 
amplifier delivering 110-mJ, 1030-nm pulses at a 50-Hz repetition rate. The pulses have a 
spectral bandwidth of 13 nm and are compressed to 225 fs pulse duration in a double 
reflection grating based compressor having a transmission efficiency of >90%. The measured 
output beam quality is M2<1.1. A key feature of the amplifier design is the 4f relay imaging 
onto the gain medium with progressive beam magnification for the mitigation of the spatial 
gain narrowing effect. The number of passes in the amplifier is scalable by increasing the size 
of imaging mirrors. In order to prevent accumulation of nonlinear phase due to self-phase 
modulation in air, the amplifier is enclosed into a low-vacuum case. 
©2016 Optical Society of America 
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1. Introduction 
Ultrafast strong-field science, a rapidly expanding research field, steadily demands higher 
peak and average power lasers for pumping secondary radiation sources based on non-linear 
frequency conversion, such as (i) parametric amplifiers based on χ<2> and χ<3> interactions 
[1,2]; (ii) powerful THz radiation sources relying on optical rectification [3–7] and generation 
of laser plasma microcurrents [8]; (iii) coherent soft EUV/X-ray generation via higher-order 
harmonic generation [9]; and (iv) incoherent hard X-ray radiation emerging from Kα and Kβ 
transitions and bremsstrahlung in strongly excited solid-state targets [10]. 
Recently highly efficient generation of intense THz pulses with energies exceeding 1 mJ 
was predicted in the low-frequency region of THz spectrum (<1 THz) by optical rectification 
of 100-mJ-class laser pulses with optimally chosen pulse duration in the sub-ps region [11]. 
Besides enabling cutting-edge applications, like investigation and control over material 
properties and their dynamics under the influence of extremely high quasi-static fields [12], or 
THz-assisted attosecond pulse generation [13], such intense THz pulses are ideally suited for 
charged-particle manipulation [14] and acceleration [15–17]. Combining efficient diode-
pumped solid-state (DPSS) sub-ps pump lasers with novel THz generation techniques and 
laser-ion acceleration may lead to the realization of compact and versatile ion sources suitable 
for medical applications [15,17]. Therefore, the development of short-pulse, high-energy 
pump lasers is highly demanded for novel techniques of THz pulse generation and 
application. 
                                                                                           Vol. 24, No. 25 | 12 Dec 2016 | OPTICS EXPRESS 28916 
Furthermore, high-energy, short-pulse near-IR lasers can serve as a pump for mid-IR 
optical parametric amplifiers (OPAs). Mid-IR pulses with high intensity, boosted by self-
compression in transparent dielectrics [18], are very promising drivers for higher-order 
harmonic generation, because they allow reaching (multi-)keV energies of coherent EUV/X-
ray photons [19]. Moreover, high-energy mid-IR pulses find applications in incoherent X-ray 
generation [20] and in the field of laser filamentation [21,22]. Drivers of high-energy mid-IR 
OPAs need to generate both high energy and short duration pulses. The latter is necessary for 
efficient generation of white light continuum that is used for seeding of ultrashort pulse 
OPAs. 
Among Yb-doped host materials, Yb:CaF2 is a very attractive laser crystal for high-energy 
ultrashort pulse amplification. It supports amplification bandwidth of >20 nm FWHM in the 
multi-mJ pulse energy range [23] and sub-200 fs pulse duration. Yb:CaF2 has high thermal 
conductivity, low nonlinear refractive index and long radiation lifetime. The disadvantage of 
this gain medium is relatively low absorption and emission cross-sections at room 
temperature (namely, 0.54·10−20 cm2 and 0.17·10−20 cm2, correspondingly [23]). Application 
of cryogenic cooling helps increasing the emission and absorption cross/sections by a factor 
of 3 [23,24] while preserving sufficient gain bandwidth for amplification of 200-fs pulses. 
Moreover, cryogenic cooling transforms the room-temperature quasi 3-level system of 
Yb:CaF2 into a 4-level system, which improves overall efficiency. 
Over the past decade, much effort was invested in the development of both room 
temperature and cryogenically cooled Yb-doped DPSS amplifiers. A number of regenerative 
and multipass Yb:CaF2 amplifier designs have been reported with the parameters peaking at 
16.6 J pulse energy at sub-Hz repetition rate [25] and 160 mJ pulse energy at 20 Hz repetition 
rate [26] in the case of uncompressed ns pulses and reaching 420 mJ energy for compressed 
femtosecond pulses at 1 Hz repetition rate [27]. 
In this paper we report on the generation of 110-mJ 225-fs pulses at a repetition rate of 50 
Hz, which was achieved in a multipass amplifier (MPA) scheme with cryogenically cooled 
Yb:CaF2 as a gain medium. 
2. Description of the system 
2.1 Pump schematics 
The MPA is pumped with the pulsed laser diode (LD) array by Lastronics GmbH, which 
delivers 2 J pulses at a repetition rate tunable up to 100 Hz. The pump pulse duration of 2 ms 
matches the radiation lifetime of the gain medium and corresponds to 20% duty cycle when 
the pump diode operates at 100 Hz and corresponds to the pump peak power of 1 kW. The 
LD module is not wavelength stabilized, therefore the pump spectrum experiences red-shift 
with the increase of LD current and/or average optical output power. Because of this 
temperature-related red shift, at the maximum repetition rate the pump spectrum moves out of 
the zero phonon line (ZPL) of the Yb:CaF2 laser crystal reducing pump absorption. In order to 
preserve optimal pumping efficiency, the repetition rate of the pump module in this work was 
set to 50 Hz, which leads to a lower thermal load on the LD array at higher current values 
such that the LD emission wavelength suitably overlaps with the ZPL of Yb:CaF2. 
The layout of the pumping system is presented in Fig. 1. The pump beam from the LD has 
a nearly-square cross-section, as shown in the left inset to Fig. 1. In order to improve the 
spatial overlap of the pump and seed beams, the pump beam is reshaped to have round profile 
with a quasi-supergaussian transversal intensity profile (Fig. 1, right inset). 
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Fig. 1. Layout of pumping system; L1, L2 and L3 - lenses; FM1-4 – folding mirrors; CM – 
curved mirrors; TFP – thin film polarizer; in the left down corner pump beam profiles before 
and after the aperture are shown (for details see text). 
The reshaping is realized by focusing the pump beam with the lens L1 into a circular 
water-cooled aperture, which blocks about 30% of power concentrated mainly in the corners 
of the square-shaped pump beam. In addition to the improved overlap of pump and seed 
beams, the reshaping reduces thermal load on the amplifier crystal. 
After the spatial filtering on the aperture, the pump beam is collimated with the lens L2 
and focused by the lens L3 into the laser crystal which results in a pump spot diameter of 2.2 
mm. Since broadband dielectric coatings have low damage threshold, we aimed to avoid 
usage of dichroic mirrors, which are commonly employed for injection of the pump radiation 
into the gain medium. Instead of using dichroic mirrors, we split the pump into two beams by 
two pairs of flat silver mirrors FM1,2 and FM3,4 correspondingly. The lens L3 is cut in two, 
with two halves spatially separated to form an opening through which the amplified 1030-nm 
pulses pass. The 2%-Yb-doped, 7-mm-long CaF2 crystal (Hellma Materials) is uncoated and 
oriented at a Brewster’s angle. Single-pass pump absorption in absence of seeded 
amplification is about 70%. The residual transmitted pump light from the LD is reimaged in a 
2f-2f configuration with a curved mirror CM. Similarly to the lens L3, the pump mirror CM is 
divided in two separated halves. Including the return pass through the laser crystal, about 90% 
of the pump light is absorbed in the gain medium. In order to prevent the 10% of unabsorbed 
pump light from returning to the LD, the polarization of the returning residual pump beam is 
rotated by λ/4 wave plates installed in front of each segment of the mirror CM. A thin-film 
polarizer (TFP) in front of the LD transmits the outgoing pump beam and rejects the 
incoming residual orthogonally polarized light. 
2.2 Schematics of the multipass amplifier 
A layout of Yb:CaF2multipass amplifier is depicted in Fig. 2. Since Yb:CaF2 in general is a 
low gain medium [24], in order to increase a single pass gain 2-% doped 7-mm long Yb:CaF2 
crystal in the amplifier is cryogenically cooled to 35 K temperature by a close loop cryo-
refrigerator (Cryomech PT90) having 48 W cooling capacity at 50 K temperature. At full 
pump load of 200 W the temperature of the crystal rises to 55 K. Yb:CaF2 crystal was aligned 
in such a way that the laser beam was propagating along [111] direction. The amplifier is 
seeded by the output of a cryogenically cooled Yb:CaF2 chirped pulse regenerative amplifier 
[28], which generates 12 mJ, 500 ps pulses with the spectrum supporting sub-200 fs pulse 
duration. 
The input beam is relay-imaged by the curved mirrors CM1 and CM2 onto the laser 
crystal, whereupon another pair of curved mirrors, CM3 and CM4, reimages the beam onto 
the flat mirror FM1. Successively, the optical system reimages the beam from FM1 to the 
laser crystal, and from the laser crystal onto FM2. Without destroying the overlap of the 
amplifier beams in the laser crystal, the directions of individual passes are fanned out with 
small angular pitches by adjusting the tilt of the flat mirror FM2 placed in the image plane. 
The number of passes is limited to 12 by the 2-inch aperture of the curved mirrors CM1-4. 
The input beam is injected into the amplifier below the central plane of the mirror CM1 (Fig. 
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2, inset), while the output beam is ejected above the central plane of CM1, and is picked off 
by a prism-shaped dielectric coated mirror. 
Note that the seed beam propagates through the gain medium collimated, while the foci 
are located between the curved mirrors CM1 and CM2, and CM3 and CM4 correspondingly. 
This makes the design more compact, as compared to the systems with laser crystal placed in 
the focal plane of curved mirrors [29], because it does not require mirrors with long focal 
distances that would be required to provide adequately large focal spot diameters in the gain 
medium. 
The use of the self-imaging arrangement [30] described above allows controlling the input 
beam diameter on the crystal through all the passes. The size of the input beam injected into 
the MPA is adjusted with the lens telescope shown in Fig. 2. An appropriate spot diameter is 
determined by the damage threshold of the mirror coatings estimated at 7 J/cm2. Accordingly, 
the input beam diameter was set to 2.2 mm at the 1/e2 level, which corresponds to ~3 J/cm2 
energy fluence at 110 mJ pulse energy. 
Self-imaging of the laser beam in the amplifier is perturbed by thermal lens and spatial 
gain narrowing in the laser crystal. The induced thermal lens affects the image relay distance 
and is compensated through longitudinal position adjustment of the mirror CM1. Because of 
the thermal lens, the amplifier is operated at a certain fixed pump power. Spatial gain 
narrowing, which takes place during amplification, leads to a progressive decrease of the 
beam diameter and rapid increase of energy fluence, thus also increasing the risk of optical 
damage. To balance out the spatial gain narrowing, an additional D-shaped mirror DM with 
the radius of curvature slightly smaller than that of CM4 is installed as it is shown in Fig. 2. 
 
Fig. 2. Schematics of the multipass amplifier. CM1-4 – curved mirrors with the radii of 
curvature of 200 cm; FM1, 2 – flat mirrors; DM – D-shaped mirror with the radius of curvature 
of 184 cm; in the circle the arrangement and relative sizes of the beams at different passes 
(indicated by numbers) on the curved mirror CM1 when gain is switched off, is illustrated. 
The mirror DM, which in pair with CM3 forms a magnifying telescope, intercepts each 
reflection from the flat mirror FM1 and thus provides progressive expansion of the beam 
diameter. In absence of amplification, the beam size of the seed beam passed through the 
MPA progressively increases in steps, as shown schematically in the inset to Fig. 2. In the 
presence of amplification, the beam size is maintained roughly constant for all the passes as a 
result of the magnification being counterbalanced by spatial gain narrowing. 
Operation of the multipass amplifier on the optical table in an open environment revealed 
a presence of self-phase modulation (SPM) in air, which leads to an uncontrolled spectral 
broadening and poor compressibility of amplified pulses, as can be seen in Fig. 3. 
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Fig. 3. Influence of SPM in air on the spectrum of the amplified pulse. Left panel: input 
spectrum. Middle and right panels: output spectra of the MPA at output pulse energies of 50 
mJ and 100 mJ, respectively ; by the shadowed area the input spectra are shown. 
In order to mitigate SPM, the amplifier was enclosed into a low vacuum case consisting of 
two aluminum chambers connected by an x-shaped aluminum tubing (see Fig. 4) and capable 
of sustaining few-mbar pressure. Optical breadboards in the aluminum chambers are 
decoupled from the chamber walls via flexible hoses, which provides robustness and 
resistivity against misalignment during chamber evacuation. 
 
Fig. 4. Top view of the multipass amplifier enclosed in a low-vacuum shell evacuated to the 
pressure of 1 mbar. IP – input port, OP – output port, PM – pick-off mirror, CM1-4 – curved 
mirrors, AA - aperture mask, RR – rigidity rib, FM1,2 – flat mirrors, DM – D-shaped mirror. 
Arrangement of pump is simplified. Detailed pump arrangement is presented in the Fig. 1. 
Dimensions of the multipass amplifier (marked by a dashed line) are 2.2x0.4 m2 (LxW). 
3. Performance of the multipass amplifier 
Because of the thermal drift of the LD wavelength discussed above, the multipass amplifier 
currently operates at 50 Hz repetition rate and produces up to 120-mJ pulses (Fig. 5(a)) with 
the spectral bandwidth extending from 1020 nm to 1040 nm (Fig. 6(d)). Absence of the 
saturation of the output pulse energy confirms that potential further increase of the pulse 
energy is possible by increasing the number of roundtrips, as the scaling of the average power 
is possible by scaling up the repetition rate of the system. Currently further increase of the 
pulse energy is limited by the laser-induced damage of mirror coatings, especially that of 
CM1 at the final bounce. 
The self-imaging arrangement of the amplifier leads to an excellent spatial output beam 
quality as is confirmed by M2 measurements, presented in Fig. 5(b). M2 was determined by 
recording beam profiles along the focus of a plano-convex f = 50 cm fused silica lens. The M2 
values of the output beam are below 1.1 in both the x and y directions. The beam is slightly 
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astigmatic which can be either due to the spherical astigmatism of the curved amplifier 
mirrors and/or astigmatic thermal lens in the slab-shaped laser crystal. 
 
Fig. 5. (a) Dependence of the output energy of the multipass amplifier on the input seed 
energy; (b) measurement of the M2 parameter, in the inset near (N) and far (F) field profiles 
recorded by a beam profiler. 
As confirmed by second harmonic generation frequency resolved optical gating (SHG 
FROG) measurements presented in Fig. 6, the amplified pulses can be compressed to a 225-fs 
pulse duration. 
 
Fig. 6. SHG-FROG measurement of the amplified 110-mJ pulses. (a) Measured SHG-FROG 
trace; (b) retrieved SHG-FROG trace; (c) Temporal intensity and phase profiles (shaded with 
yellow – retrieved, solid black line - transform limited); (d) measured and retrieved spectral 
intensity profile, retrieved spectral phase profile. 
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Treacy-type compressors based on a pair of 1750 lines/mm reflective diffraction gratings 
(Fraunhofer IOF, Jena) were used. Because of the limited grating size, two successive grating 
pairs were used to cope with the relatively large stretched pulse duration of 500 ps. The first 
grating pair is in ambient air, and the second pair for final compression is placed in a vacuum 
chamber filled with He. 
Due to the excellent diffraction efficiency of the gratings (~99%) (lithographic reflection 
gratings, Fraunhofer IOF Jena) and rather good (better than 1:50) polarization contrast of 
amplified pulses the overall transmission of both compressors exceeded 90%. The Fourier 
transform limited duration of the amplified pulses is 190 fs (Fig. 6(c)) which suggests that 
with more careful dispersion management (using similar groove density diffraction gratings 
for the stretcher and compressor or by implementing in the stretcher or compressor a 
piezoelectric deformable mirror) sub-200 fs pulses with peak powers exceeding 0.5-TW level 
can be extracted from the amplifier. 
4. Conclusions 
In conclusion, we have demonstrated a rather compact and robust Yb:CaF2 multipass 
amplifier based on a cryogenically cooled laser crystal and a self-imaging arrangement. The 
compactness of the amplifier is achieved by employing a 4f imaging scheme that permits to 
propagate a collimated beam through the gain medium. The robustness is achieved by a 
simple opto-mechanical design that enables straightforward compensation of thermal lens and 
provides mechanical isolation from a low-vacuum shell enclosing the MPA. In addition, 
spatial gain narrowing is compensated by an employment of magnifying telescope providing 
progressive expansion of the beam diameter at each consecutive pass in the amplifier. At 50 
Hz the MPA system currently delivers 110-mJ, 225-fs pulses in a high spatial quality beam 
with M2 < 1.1. With more careful dispersion management, the amplifier is rated to produce 
sub-200 fs pulses, which would lead to peak powers exceeding 0.5 TW. The absence of gain 
saturation suggests that wavelength stabilization of the LD should permit a 100-Hz repetition 
rate and >10 W average power out of the MPA. The developed amplifier has large potential 
for both direct high-field physics applications and as a driver for secondary mid-IR and THz 
radiation sources. 
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